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Abstract We report the results of a study of multi-muon
events produced at the Fermilab Tevatron collider and ac-
quired with the CDF II detector using a dedicated dimuon
trigger. The production cross section and kinematics of
events in which both muon candidates are produced inside
the beam pipe of radius 1.5 cm are successfully modeled
by known processes which include heavy flavor production.
In contrast, we are presently unable to fully account for the
number and properties of the remaining events, in which at
least one muon candidate is produced outside of the beam
pipe, in terms of the same understanding of the CDF II de-
tector, trigger, and event reconstruction.
This Letter summarizes the findings of a study of multi-
muon production in pp¯ interactions at
√
s = 1.96 TeV [1].
The investigation was motivated by the presence of sev-
eral inconsistencies that affect or affected the bb¯ produc-
tion at the Tevatron: (a) the ratio of the observed bb¯ corre-
lated production cross section to the next-to-leading-order
QCD prediction is 1.15 ± 0.21 when b quarks are selected
via secondary vertex identification, whereas this ratio is
found to be significantly larger than two when identifying
b quarks through their semileptonic decays [2, 3]; (b) se-
quential semileptonic decays of single b quarks are sup-
posedly the main source of dileptons with invariant mass
smaller than that of a b quark, but the observed dimuon in-
variant mass spectrum is not well modeled by the simulation
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of this process [4]; and (c) the value of χ¯ , the average time
integrated mixing probability of b flavored hadrons derived
from the ratio of muon pairs from b and b¯ quarks semilep-
tonic decays with same and opposite sign charge, is mea-
sured at hadron colliders to be larger than that measured by
the LEP experiments [5, 6].
This analysis follows and complements a recent study [7]
by the CDF collaboration which has used a dimuon data
sample to re-measure the correlated σb→μ,b¯→μ cross sec-
tion. We use the same data and Monte Carlo simulated sam-
ples, and the same analysis methods. The data sample is de-
fined by events containing two central (|η| < 0.7) muons,
each with transverse momentum pT ≥ 3 GeV/c, and with
invariant mass larger than 5 GeV/c2. The determination of
the data sample composition relies upon the high precision
charged particle tracking provided by the CDF II detec-
tor [8–12]. Accurate track impact parameter1 and primary
event vertex determinations are provided by a large central
drift chamber surrounding a trio of silicon tracking devices
collectively referred to in this letter as the “SVX”. The SVX
is composed of eight layers of silicon microstrip detectors
ranging in radius from 1.5 to 28 cm in the pseudorapidity
region |η| < 1.
In [7], the value of σb→μ,b¯→μ is determined by fitting
the impact parameter distribution of these primary muons
with the expected shapes from all sources believed to be sig-
nificant: semileptonic heavy flavor decays, prompt quarko-
nia decays, Drell–Yan production, and instrumental back-
grounds from prompt hadrons or hadrons from heavy flavor
decays which mimick a muon signal.2 In the following, the
sum of these processes will be referred to as the prompt plus
heavy flavor (P + HF) contribution to the dimuon sample.
To ensure an accurate impact parameter measurement,
analyses performed by the CDF collaboration customarily
require that each muon track is reconstructed using silicon
hits in at least three out of the eight SVX layers (referred
to as standard SVX selection in the following). However, in
order to properly model the data with the templates of the
various P + HF sources, the study in [7] has used stricter
selection criteria, referred to as tight SVX selection in the
following, by requiring muon tracks with hits in the two in-
nermost layers of the SVX detector, and at least in two of the
1The impact parameter is defined as the distance of closest approach of
a track to the primary event vertex in the transverse plane with respect
to the beamline.
2We follow the methodology pioneered by previous measurements that
ignored other possible sources of muons. For example, muon tracks
from pion and kaon in-flight-decays inside the tracking volume were
regarded as prompt tracks because the track reconstruction algorithms
were believed to remove decay muons with an appreciable kink.
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next four outer layers. The size of each P + HF source in the
data sample is evaluated by dividing the event yield returned
by the fit by the corresponding efficiency of the tight SVX
selection, and will later be extrapolated to a sample selected
with standard SVX criteria in order to compare with previ-
ous measurements. Using control samples of data from vari-
ous sources (J/ψ → μ+μ−, B± → μ+μ−K±, B → μD0,
and Υ → μ+μ−) we measure the efficiency of the tight
SVX selection to be 0.257 ± 0.004 for prompt dimuons and
0.237±0.001 for dimuons produced by heavy flavor decays.
Using the fit result and the above mentioned efficien-
cies, Reference [7] reports σb→μ,b¯→μ = 1549 ± 133 pb for
muons with pT ≥ 3 GeV/c and |η| ≤ 0.7. That result is
in good agreement with theoretical expectations as well as
with analogous measurements that identify b quarks via sec-
ondary vertex identification [13, 14]. However, it is also
substantially smaller than previous measurements of this
cross section [15, 16], and raises some concerns about the
traditional understanding of the composition of the initial
dimuon sample prior to the tight SVX requirements. Based
on the sample composition determined by the fit to the muon
impact parameter distribution, we expect that (24.4 ± 0.2)%
of the initial sample should pass the tight SVX selection.
However, the fraction of dimuon events in the initial sample
that survive the tight SVX selection is significantly smaller
(19.30 ± 0.04)%.
The tight SVX requirements used in [7] select events
in which both muons arise from parent particles that have
decayed within a distance of 1.5 cm from the pp¯ inter-
action primary vertex in the plane transverse to the beam-
line. Using Monte Carlo generated samples of events that
are passed through the CDF detector simulation, we es-
timate that approximately 96% of the dimuon events due
to P + HF processes satisfy this condition. Therefore, the
fact that the observed efficiency for the tight SVX require-
ments (19.3%) is significantly smaller than the expected one
(24.4%) suggests the additional presence of an important
source of dimuons produced beyond 1.5 cm which is sup-
pressed by the tight SVX requirements. Because unnoticed
by previous experiments, we whimsically refer to this source
of dimuons as the ghost contribution.
The size of the ghost contribution is evaluated as the dif-
ference between the total number of dimuon events, prior to
any SVX requirements, and the P + HF contribution esti-
mated as the number of events surviving the tight SVX re-
quirements divided by the efficiency of the tight SVX se-
lection.3 In a data sample corresponding to an integrated
luminosity of 742 pb−1, 143743 dimuon events survive
the tight SVX cuts.4 After dividing by the 24.4% effi-
3This procedure assumes that ghost events are completely rejected by
the tight SVX requirements.
4The 742 pb−1 subsample is chosen for direct comparison to the recent
CDF bb¯ cross section measurement.
ciency, 589111 ± 4829 events are expected in the initial
dimuon sample, whereas 743006 are observed. The differ-
ence, 153895 ± 4829 events, which is the source of the effi-
ciency discrepancy described above, is comparable in mag-
nitude to the expected dimuon contribution from bb¯ produc-
tion, 221564 ± 11615 events [7].
The standard SVX selection accepts muons from parent
particles with decay lengths as long as 10.6 cm. The stan-
dard SVX selection reduces the size of the ghost contribu-
tion by a factor of two, whereas 88% of the P+HF contribu-
tion survives. Table 1 summarizes the sample composition
of the dimuon sample for the different SVX selections. In
this table and throughout this Letter, the P+HF contribution
is estimated from the sample of dimuons surviving the tight
SVX requirements and properly accounting for the relevant
SVX efficiencies using the sample composition determined
by the impact parameter fits of [7]. The ghost contribution
will always be estimated from the total number of observed
events after subtracting the P + HF contribution. Since the
tight SVX sample is well modeled by fits only using prompt
and heavy flavor contributions [7], it seems reasonable to
start with the assumption that the ghost contribution in that
sample is negligible (set to zero in Table 1). In order to later
discuss the effect of ghost events on the χ¯ measurements at
hadron colliders, we also provide event yields separately for
the subset of events in which the dimuons have opposite-
sign (OS) and same-sign (SS) charge. The ratio of OS to SS
dimuons is approximately 2:1 for P + HF processes and 1:1
for ghost events.
Thus far, by varying the SVX selection requirements,
we have identified a previously ignored contribution to the
dimuon triggered sample. The relative size of this contribu-
tion depends upon the type of SVX requirement applied to
the trigger muons. As the SVX requirements select trigger
muons produced closer to the beamline, the size of the ghost
contribution is reduced in comparison to that of the P + HF
components that are not strongly affected by this require-
ment. In the following, we describe some of the properties
of the ghost contribution followed by a discussion of pos-
sible sources. We then discuss how ghost events provide a
plausible explanation to the inconsistencies in bb¯ produc-
tion and decay outlined at the beginning of this Letter.
The general nature of ghost events can be characterized
by four main features:
– The impact parameter distribution of the trigger muons is
significantly different than that of the P+HF contribution.
– In small angular cones around the trigger muons the rate
of additional muons is significantly higher than that ex-
pected for P + HF processes.
– The distribution of the invariant mass of pairs of trig-
ger and additional muons looks different from that ex-
pected from sequential semileptonic decays of hadrons
with heavy flavor.
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Table 1 Number of events that
pass different SVX
requirements. Dimuons are also
split into pairs with opposite
(OS) and same (SS) sign charge
Selection No SVX Tight SVX Standard SVX
Total 743006 143743 590970
Total OS 98218 392020
Total SS 45525 198950
P + HF 589111 ± 4829 143743 518417 ± 7264
P + HF OS 98218 354228 ± 4963
P + HF SS 45525 164188 ± 2301
Ghost 153895 ± 4829 0 72553 ± 7264
Ghost OS 0 37792 ± 4963
Ghost SS 0 34762 ± 2301
– The impact parameter distribution of the additional muons
has the same shape as that of primary muons.
We now briefly describe each of these features. Additional
detail on all of the studies outlined below may be found
in [1].
Figure 1 shows impact parameter distributions of trigger
muons selected with standard SVX requirements in P + HF
and ghost events. The average impact parameter of ghost
muons is significantly larger than that of muons due to
P + HF production. It follows that, when fitting a dimuon
sample containing ghost events with impact parameter tem-
plates for muons due to prompt, c-quark, and b-quark pro-
duction, the ghost contribution is attributed by the fit to b-
quark production, the component with the longest lifetime.
Therefore, the measured b-quark production cross section is
augmented by the ratio of ghost to bb¯ events in that sample
which in turns depends on the SVX selection criteria applied
to the trigger muons.
We have studied the rate and kinematics of additional
muons with pT ≥ 2 GeV/c and |η| ≤ 1.1 produced around
each primary muon to verify if the inconsistency reported
in [4] is also related to the presence of ghost events. Ac-
cording to the simulation [1], additional muons arise from
sequential decays of single b hadrons. In addition, one ex-
pects a contribution due to hadrons mimicking the muon sig-
nal. To account for the fake muon contribution, we apply to
all candidate tracks a parametrized probability of penetrat-
ing the calorimeter and producing fake muons. This prob-
ability has been measured using pions and kaons from de-
cays of D∗ mesons [1, 7]. This procedure provides a de-
tector and kinematic acceptance five times larger than that
for trigger muons at the price of a tenfold increase of the
fake rate. Since additional muons are searched for offline
and there are no trigger rate constraints, this method is the
one customarily used by CDF analyses to tag semileptonic
decays of heavy flavors [4, 13, 17, 18]. In the following,
muon yields corrected for the fake contribution are referred
to as real muons.
Requesting the presence of at least one muon in addi-
tion to the two primary (trigger) muons modifies the sample
Fig. 1 Impact parameter distribution of muons due to the ghost (•) and
P + HF (histogram) contributions. Muon tracks are selected with stan-
dard SVX requirements. The detector resolution is 30 µm, whereas
bins are 80 µm wide. In the insert, we show the same distribution (his-
togram) for simulated muons that pass the same analysis selection as
the data and arise from the in-flight-decays of pions and kaons pro-
duced in a heavy flavor simulation (the dotted histogram shows the
impact parameter of the parent hadrons)
composition relative to the initial sample and is expected
to significantly enhance the bb¯ contribution. After correct-
ing for fake muons, we expect bb¯ production to dominate
the sample with three or more muons. The contribution of
events without heavy flavor is suppressed by the request of
an additional muon. For example, in events containing an
Υ (1S) candidate that are included in the dimuon sample, the
probability of finding an additional muon is (0.90±0.01)%.
In the data, 9.7% of the dimuon events contain an addi-
tional muon (71835 out of 743006 events). When compar-
ing the efficiency of the tight SVX requirements applied to
the primary muon pair, we observe the efficiency to drop
from (19.30 ± 0.04)% for the full sample to (16.6 ± 0.1)%
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Table 2 Numbers of additional muons with an angle θ ≤ 36.8◦ with respect to the direction of one of the primary muons. We list separately the
combination of additional and primary muons with opposite (OS) and same (SS) sign charge
Topology Total P + HF Ghost
OS 83237 54545 ± 447 28692 ± 447
SS 50233 30053 ± 246 20180 ± 246
in the subsample that contains at least one additional muon.
The drop of the SVX efficiency is a direct indication that
ghost events are a larger fraction of the sample containing
at least one additional muon. In the original dimuon sam-
ple, the ghost contribution accounts for (20.9 ± 0.8)% of
the sample prior to any SVX requirements. When we re-
quest an additional muon, the ghost contribution accounts
for (32.0±0.7)% of the sample. In other words, ghost events
contain more additional muons than the P+HF contribution.
Next, we summarize a detailed study of the rate and kine-
matic properties of events that contain at least one additional
muon. In this measurement, we use the full data sample of
1426 pb−1 corresponding to 1426571 events. The full 1426
pb−1 data sample consists of 1131090±9271 P+HF events
and 295481 ± 9271 ghost events. Each additional muon is
combined with the closest primary muon. Combinations of
primary and additional muons in ghost events are observed
to have smaller opening angles than muon pairs from se-
quential semileptonic b-decays [1]. Therefore, the study of
the ghost sample is further restricted to muons and tracks
contained in a cone of angle θ ≤ 36.8◦ (cos θ ≥ 0.8) around
the direction of each primary muon. The number of addi-
tional muons contained in these angular cones is listed in
Table 2. As reported in [1], less than half of the OS and SS
muon combinations in the ghost sample can be accounted
for by fake muons. After removing the fake muon contribu-
tion, the rate of additional real muons per event (9.4±0.2)%
in the ghost sample is four times larger than in the P + HF
sample (2.16 ± 0.05)%. Reference [1] investigates at length
the possibility that the predicted rate of fake muons is un-
derestimated. For example, the fourfold increase of the rate
of additional real muons per event is verified by selecting
additional muons with pT ≥ 3 GeV/c and |η| ≤ 0.7. The
muon detector and kinematic acceptance is reduced by a fac-
tor of five, but, because of the larger number of interaction
lengths traversed by hadronic tracks, the contribution of fake
muons is negligible [7]. In this case, the rate of additional
real muons per event increases from (0.40 ± 0.01)% in the
P + HF sample to (1.64 ± 0.08)% in the ghost sample.
In contrast with the P + HF sample, which contains no
more than one real OS additional muon from sequential
semileptonic decays of single b quarks and in which SS
combinations are accounted for by the predicted rate of fake
muons, the ghost sample contains both SS and OS additional
real muons. Figure 2 shows the multiplicity distribution of
additional muons in ghost events.
As shown in Fig. 3, when applying the tight SVX criteria
to primary muons, the invariant mass spectrum of opposite-
charge pairs of primary and additional muons is well de-
scribed by the simulation which is dominated by sequen-
tial semileptonic decays of single b quarks. In this case, we
observe 6935 ± 154 events, whereas 6918 ± 293 are pre-
dicted. In contrast, without any SVX requirement the in-
variant mass spectrum cannot be modeled with the simu-
lation (37042 ± 389 events are observed and 28589 ± 1213
events are predicted) and the inconsistencies at low invariant
mass reported in [4] are reproduced. However, the number
of J/ψ mesons in the data is correctly modeled by the sim-
ulation in which events containing a J/ψ meson recoiling
Fig. 2 Multiplicity distribution
of additional muons found in a
cos θ ≥ 0.8 cone around the
direction of a primary muon in
the ghost sample before (a) and
after (b) correcting for the fake
muon contribution. An
additional muon increases the
multiplicity by 1 when it has
opposite and by 10 when it has
same sign charge as the primary
muon. The first bin indicates
events without additional muons
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Fig. 3 The invariant mass distribution of opposite-charge muon pairs
in the data (•) is compared to the simulation prediction (◦) for primary
muons selected with (a) tight or (b) no SVX requirements. One of the
two primary muons in the event is combined with an additional muon
of opposite charge if their invariant mass is smaller than 5 GeV/c2.
The fake muon contribution has been accounted for. The simulation
prediction uses the measured σb→μ,b¯→μ and σc→μ,c¯→μ cross sec-
tions [7] and the same luminosity of the data. The insert shows the
difference between data and prediction
against another primary muon only arise from bb¯ produc-
tion. This agreement for events in which the trigger muons
are selected with no SVX requirements supports the esti-
mate of the tight SVX selection efficiency and the resulting
value of σb→μ,b¯→μ reported in [7].
For the ghost sample, Fig. 4 shows the two-dimensional
distribution of the impact parameter of a primary muon ver-
sus that of all additional muons in a cos θ ≥ 0.8 cone around
its direction. The impact parameter distribution of the addi-
tional muons is quite similar to that of primary muons even
if additional muons are not required to originate at a distance
larger than 1.5 cm from the beamline. However, the impact
parameters of the additional and primary muons are loosely
correlated (the correlation factor is approximately 0.03).5
We use samples of data not contaminated by ghost events
to verify that large muon impact parameters are not a detec-
tor artifact. As shown in Fig. 5, when primary muons are ac-
companied by a reconstructed D0 → π+K− decay, the im-
pact parameter distributions are exhausted beyond 0.5 cm.
As shown in Fig. 6, the impact parameter distribution of ad-
ditional real muons is exhausted beyond 0.5 cm if the pri-
mary muons are selected with tight SVX criteria.
As shown in Fig. 7, the same is true for additional muons
selected as in this analysis and accompanying a D0 →
π+K− candidate that triggered the event acquisition.6 In
5A correlation factor as large as 0.5 is expected if initial and addi-
tional muons are produced in the decay of long-lived particles or by
secondary interactions in the detector volume.
6We reconstruct D0 candidates by attributing the kaon mass to the track
with the same charge as the muon (RS combinations as expected for
μ− +D0 systems produced by B decays). Wrong-sign (WS) combina-
tions are a measure of the fake muon contribution.
Fig. 4 Two-dimensional distribution of the impact parameter of a pri-
mary muon, dp , versus that, ds , of additional muons in the ghost sam-
ple. All muons are selected with standard SVX requirements
conclusion, the shape of the muon impact parameter distri-
bution in ghost events is not caused by poor detector resolu-
tion or pattern recognition errors in the event reconstruction.
The impact parameter distributions of all additional
muons in the dimuon sample are shown in Fig. 8. The
P+HF contribution does not produce additional muons with
impact parameters larger than 0.5 cm. Fits with an exponen-
tial function to the impact parameter distributions of addi-
tional muons in the range 0.5–2.0 cm where no heavy flavor
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Fig. 5 Magnified views of the
impact parameter distribution of
primary muons that are
accompanied by a reconstructed
D0 → π+K− decay. The insert
shows the entire distribution.
Muons are selected with (left)
no or (right) standard SVX
requirements. The combinatorial
background under the D0 signal
has been removed with a
sideband subtraction method
Fig. 6 Magnified impact parameter distribution of additional muons in
events in which both trigger muons satisfy the tight SVX selection. The
fake muon contribution has been subtracted. The entire distribution is
shown in the insert. Additional muons are selected without any SVX
requirements
contribution is expected, return a slope of approximately
21.4 ± 0.5 ps.
Non-triggering prongs of K0S decays reconstructed in the
dimuon data set are the analogous of additional muons. As
demonstrated in [1], fits to the distribution of their impact
parameters with values larger than 0.5 cm return the correct
K0S lifetime. If the observed impact parameter tail in Fig. 8
were due to known particles with lifetime longer than heavy
flavor—such as pions, kaons, K0S , and hyperons—one would
have observed a slope at least as large as 90 ps.
We have considered a number of potential sources that
could produce muons with impact parameter much larger
than what it is expected from heavy flavor decays. The one
source found to contribute significantly arises from in-flight-
Fig. 7 Impact parameter distributions of muons accompanied by a D0
candidate and selected as the additional muons in this analysis. No
SVX requirements are applied. All events (•) are split into right-sign
μ−K−π+ (◦) and wrong-sign μ+K−π+ (histogram) combinations.7
Muons in wrong-sign combinations are fake. The contribution of the
combinatorial background under the D0 signal has been removed with
a sideband subtraction method [1]. The integral of these distributions
above 0.35 cm is zero
decays of pions and kaons. Based upon a generic QCD sim-
ulation, we predict a contribution of 57000 events [1], 44%
and 8% of which pass the loose and tight SVX selection, re-
spectively. The uncertainty of this prediction is difficult to
assess, but, as shown by the insert in Fig. 1, in-flight de-
cays alone cannot account for the shape of the muon impact
parameter distribution in the ghost sample. A smaller con-
tribution (12000 events) from K0S and hyperon decays in
which the punchthrough of a hadronic prong mimics a muon
signal is estimated using the data. Secondary inelastic inter-
actions in the tracking volume and cosmic rays are found to
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Fig. 8 Impact parameter (ds )
distributions of additional
muons for events containing
(a) only two muons or (b) more
than two muons in a cos θ ≥ 0.8
cone. The solid lines represent
fits to the data distributions with
an exponential function
be a negligible source of ghost events. Our estimate of the
size of possible sources of ghost events underpredicts the
observed number by approximately a factor of two (154000
observed and 69000 accounted for). While this difference is
not significant because of a possibly large uncertainty in the
in-flight-decay prediction, in-flight-decays cannot account
for ghost events with a muon multiplicity higher than that
of events due to heavy flavor production. Since ghost events
were originally identified as a subsample suppressed by the
tight SVX requirement, we have now identified a puzzling
correlation between primary muons originating from decay
vertices more displaced than those of heavy flavors and the
muon multiplicity in these events.
Taken as a whole, it seems difficult to reconcile the rates
and characteristics of the ghost events with expectations
from known sources. A large portion of these events is cer-
tainly due to muons arising from in-flight-decays of pions
and kaons or punchthrough of hadronic prongs of K0S and
hyperon decays. However, a small but significant fraction of
these events has features that cannot be explained with our
present understanding of the CDF II detector, trigger and
event reconstruction.
Although we cannot fully explain the composition of the
ghost sample in terms of known sources, the identification of
this type of event provides a plausible resolution to the set
of inconsistencies mentioned at the beginning of this Let-
ter. The general observation is that the measured σb→μ,b¯→μ
increases as the trigger muons are allowed to originate at in-
creasing distances from the primary event vertex, and is al-
most a factor of two larger than that measured in [7] when no
distance requirement is made [16]. As mentioned above, the
magnitude of the ghost contribution is comparable to the bb¯
contribution when no SVX selection is made and in combi-
nation would account for the measurement reported in [16].
Similarly, for the standard SVX criteria, the magnitude of
the ghost contribution (72553 ± 7264 events, equally split
in OS and SS dimuons), when added to the bb¯ contribution
of 194976 ± 10221 events [7], coincides with the cross sec-
tion measurement reported in [15] and the χ¯ value reported
in [5] since these measurements use similar sets of SVX re-
quirements. Finally, the ghost sample is now understood to
be the source of the dimuon invariant mass discrepancy ob-
served in [4].
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